The natural occurrence of biologically active furanocoumarins in common vegetables is an area of increasing interest with respect to human health. In this study, an efficient, rugged, and sensitive liquid chromatographic method with ultraviolet photodiode array detection was developed for the estimation of 5 biologically active furanocoumarins (psoralen, bergapten, xanthotoxin, trioxsalen, and angelicin) in celery and parsnips. When authentic samples were spiked with a mixture of furanocoumarins at individual levels of 2 to 10 mg/g, the method produced overall recoveries of 77 and 75% of all furanocoumarins from celery and parsnips, respectively. The method was applied in 2 laboratories to a multiyear survey of more than 200 samples. Of 110 parsnips samples, 109 (99%) contained quantitatable levels of furanocoumarins. The mean level of total furanocoumarins in the positive parsnip samples was 15.1 mg/g; the maximum level detected was 145 mg/g. Of 114 celery samples, 88 (77%) contained quantitatable levels of furanocoumarins. The mean level of total furanocoumarins in the positive celery samples was 1.9 mg/g; the maximum level detected was 15.2 mg/g. Xanthotoxin and bergapten were the most commonly detected furanocoumarins in both celery (68 and 63%) and parsnips (97 and 96%). Xanthotoxin had the highest mean level of positives in both celery (1.3 mg/g) and parsnips (8.5 mg/g). Little year-to-year variation in either total furanocoumarin levels or incidence was noted.
The natural occurrence of biologically active furanocoumarins in common vegetables is an area of increasing interest with respect to human health. In this study, an efficient, rugged, and sensitive liquid chromatographic method with ultraviolet photodiode array detection was developed for the estimation of 5 biologically active furanocoumarins (psoralen, bergapten, xanthotoxin, trioxsalen, and angelicin) in celery and parsnips. When authentic samples were spiked with a mixture of furanocoumarins at individual levels of 2 to 10 mg/g, the method produced overall recoveries of 77 and 75% of all furanocoumarins from celery and parsnips, respectively. The method was applied in 2 laboratories to a multiyear survey of more than 200 samples. Of 110 parsnips samples, 109 (99%) contained quantitatable levels of furanocoumarins. The mean level of total furanocoumarins in the positive parsnip samples was 15.1 mg/g; the maximum level detected was 145 mg/g. Of 114 celery samples, 88 (77%) contained quantitatable levels of furanocoumarins. The mean level of total furanocoumarins in the positive celery samples was 1.9 mg/g; the maximum level detected was 15.2 mg/g. Xanthotoxin and bergapten were the most commonly detected furanocoumarins in both celery (68 and 63%) and parsnips (97 and 96%). Xanthotoxin had the highest mean level of positives in both celery (1.3 mg/g) and parsnips (8.5 mg/g). Little year-to-year variation in either total furanocoumarin levels or incidence was noted. Furanocoumarins are not destroyed by normal cooking processes (6) , and their levels are reported to increase (in celery) during storage at normal refrigerator temperatures (7) .
Furanocoumarins are potent photosensitizing agents and have been used medicinally for the treatment of skin disorders such as psoriasis and vitiligo (8) (9) (10) (11) (12) , but such therapeutic uses have been shown to be phototoxic (8) and are suspected to be photocarcinogenic (13) (14) (15) (16) . Furanocoumarins are implicated as the causal agents of phytophotodermatitis, a toxic dermal reaction suffered by grocers and produce workers (17) (18) (19) (20) (21) (22) (23) (24) . Also furanocoumarins are implicated in generalized phototoxic reactions in conjunction with UV radiation from tanning booths (25) .
Given the biological activity of the furanocoumarins, their presence in common foods may be significant to human health. Hence, it is important to determine the incidence and levels of furanocoumarins present in common vegetables. Previous literature has reported psoralen, bergapten, xanthotoxin, isopimpinellin, and angelicin in fresh celery stalks at total levels ranging from 1 to 50 µg/g (4, (26) (27) (28) , and in stored celery at total levels up to 95 µg/g (7) .
Also psoralen, bergapten, xanthotoxin, and angelicin have been reported in fresh parsnips at total levels from 40 to 100 µg/g (6, 29) and in diseased parsnips at total levels up to 2500 µg/g (29) . However, no extensive, multiyear surveys of the incidence and levels of dietary furanocoumarins have been reported. A 4-year study of Canadian retail celery and parsnips was initiated in 1993. The furanocoumarins chosen for this study were psoralen, bergapten, xanthotoxin, trioxsalen, and angelicin.
Several analytical methods (1, 4, 6, 7, 25, (28) (29) (30) were considered for use in this survey. All used an aqueous or organic-aqueous extraction, and either liquid-liquid partitioning or solid-phase extraction (SPE) cleanup. Reversed-phase liquid chromatography (RPLC), coupled to UV detection, was the preferred separation technique. Generally, these methods were very time-consuming and few had validation evidence reported. We adapted and combined the strengths of several extraction procedures into an efficient and rugged method that was suitable for the routine analysis of the large number of samples required for a multiyear survey. A highly reproducible, quantitative RPLC procedure was linked to a sensitive photodiode array detector (31) and data system for improved qualitative identification of low levels of furanocoumarins.
METHOD

Samples
Samples (ca 1 kg), either domestically grown or imported, were collected in the fall and winter of 4 consecutive years (1993) (1994) (1995) (1996) . They were collected from local growers, warehouses, and retail outlets across Canada and shipped under refrigeration to the laboratory in either Scarborough, Ontario, or Winnipeg, Manitoba.
Sample Preparation
After removal of the inedible portions (the stalk base and top leaves of celery; the tops and tips of parsnips) the samples were finely chopped, packed into plastic containers, and stored at freezer temperature (-20°C) until analysis. 
Reagents
Extraction and Cleanup
Weigh 50 g samples into either 500 mL mason jars or 250 mL centrifuge bottles and add 100 mL extraction solvent. Extract samples for 3 min on an Osterizer blender at high speed, or on a polytron for 1 min at 60% full speed. Transfer the crude extracts to centrifuge bottles (if required) and centrifuge at 2000 rpm for 10 min.
Apply 20 mL of the supernatant extract to a ChemElut column. After 3 to 5 min, elute the furanocoumarins with 8 × 20 mL portions of ethyl acetate. Collect eluate into 300 mL tall form beaker containing ca 20 g anhydrous sodium sulfate. During collection, stir eluate and sodium sulfate continuously with a magnetic stirrer to eliminate any excess water. Decant eluate into 300 mL pear-shaped, or 500 mL round-bottom flask. Rinse beaker and sodium sulfate with 3 × 5 mL portions of Evaporate the combined eluate and washes to near dryness on a rotary evaporator at a bath temperature of 30°-40°C. Transfer extract to 4 mL vial with 3 × 1 mL ethyl acetate rinses. Evaporate extract to dryness on 30°C heating block, under a gentle stream of nitrogen. Redissolve the residue in 0.5 mL methanol and add 0.5 mL methanol-water (1 + 1; Winnipeg laboratory) or dissolve in 1.0 mL methanol and add 1.0 mL water (Scarborough laboratory).
Using a 10 mL glass syringe for all operations, condition a C 18 SepPak with 5 mL methanol followed by 5 mL water. Apply the sample residue to the SepPak. Rinse the vial with 2 × 4 mL volumes of acetonitrile-water (3 + 2) and also apply this to the C 18 SepPak. Discard all of the above rinses. Elute the furanocoumarins with 8 mL acetonitrile-water (3 + 2). During all of operations, apply syinge pressure to maintain the flow at less than 1.5 mL/min.
Collect C 18 SepPak eluate in 50 mL boiling flask. Add 3 to 5 mL ethanol and evaporate to dryness on a rotary evaporator at a bath temperature of 40°C. Add additional ethanol as required to complete evaporation. Redissolve final residue in 0.75 mL methanol and add 0.75 mL methanol-water (1 + 1).
Filter through a 0.45 µm nylon or PVDF filter before injecting into the liquid chromatograph.
Additional Silica Cleanup Procedure
Alternatively, collect the C 18 SepPak eluate in a 12 mL glass vial. Evaporate to dryness on a steam bath and redissolve in 1 mL chloroform. Using a 10 mL glass syringe for all operations, condition a silica SepPak with 5 mL chloroform and apply the sample. Elute the furanocoumarins with 8 mL 7.5% ethyl acetate in chloroform. Combine all eluates and evaporate to dryness. During all of operations, apply syinge pressure to maintain the flow at less than 1.5 mL/min. Redissolve the final residue in 0.75 mL methanol and add 0.75 mL methanol-water (1 + 1). Filter through a 0.45 µm nylon or PVDF filter before injecting into the liquid chromatograph.
Liquid Chromatography
Operate the LC pump at a flow of 1.5 mL/min. Pump 100% mobile phase A for 10 min. 50 min return linearly to 100% A and re-equilibrate the system for 10 min prior to the next injection.
Inject 20 µL volumes of sample extract onto the LC. The equivalent sample weights injected are calculated with the following formula:
where mg inject is sample equivalents injected, in mg; g is weight of sample extracted, in grams; is volume of extractant solution, in mL; Vw is the estimated water content of the sample, in mL (46.9 for celery, 39.3 for parsnips; see Note); V2 is volume of extractant applied to ChemElut, in mL; V3 is final volume of injection solution, in mL; V4 is the injection volume, in mL; and 1000 is conversion factor, grams to milligrams. Prepare calibration curves by injecting 1, 4, 20, and 80 µL LC standard solution. The retention times (in min) of the furanocoumarins are: psoralen, 18; angelicin, 20; xanthotoxin, 23; bergapten, 26; and trioxsalen, 36. For each furanocoumarin peak, plot the response at 254 nm vs the ng injected. Collect and store reference spectra of the chromatographed furanocoumarin standards at various injection volumes.
Identify the furanocoumarins in the sample extracts by comparison of their retention times and spectra with those of standard solutions injected under identical conditions. The concentrations of the individual components in the samples are calculated by comparison of the component responses, at 254 nm, to the prepared calibration curves with the following formula:
where area sample is area response of sample chromatogram; area std is area response of standard chromatogram; amt std is amount of furanocoumarin standard injected, in ng; and mg inject is sample equivalents injected, in mg. Note: Celery and parsnips contain significant amounts of water. In calculating the mg equivalents of sample injected, it is necessary to adjust the extraction solvent volume to compensate for the additional water. The Table of Food Values Recommended for Use in Canada, 2nd Ed., Health and Welfare Canada, 1951, lists the water content of the edible portion of celery and parsnips to be 93.7 and 78.6%, respectively. Therefore, 50 g celery contribute (50 × 0.937 =) 46.9 mL water to the extraction volume. Similarly, 50 g parsnips contribute 39.3 mL water.
Results and Discussion
Method Development
As a part of the method validation, and before any quantitative analyses were performed, the purity of the individual standards was checked chromatographically at 254 nm. Microgram quantities of the individual standards (in solution) were chromatographed under gradient conditions (50 to 100% methanol in water, over 30 min). The greatest apparent impurity was in the trioxsalen, which showed approximately 1.8% impurity as a peak eluting just prior to the major peak.
During development of the method, several chromatographic systems (described in Apparatus) were used and performed satisfactorily in the 2 laboratories. Prior to the introduction of the photodiode array detectors, single-or multiwavelength detectors were used. Signals were captured (simultaneously for the multiwavelength detectors, by repeat injections for the single wavelength detector) at 254 nm (for quantitation) and either 225 nm (Scarborough) or 290 nm (Winnipeg). The sample peaks' response ratios at the 2 wavelengths were compared with those of standards injected under identical conditions, as confirmation of identity. The photodiode array detector greatly improved the method by capturing complete ultraviolet spectra that could be compared to library spectra prepared from injections of authentic standards (see Method Performance). The additional silica cleanup procedure was used by the Scarborough laboratory, where it was reported to provide a chromatographically cleaner extract. The Winnipeg laboratory also evaluated the procedure, but did not find the same benefit.
In our laboratories, the ultraviolet chromatographic response of some natural toxin solutions has been observed to decrease after filtration through certain filtering cartridges. For this reason, the ultraviolet chromatographic response of a standard mixture of furanocoumarins was compared before and after filtration through the nylon filtering cartridge recommended. The filtered standard solutions lost (on average) less than 2% of their ultraviolet chomatographic response, relative to unfiltered solutions. A similar experiment was not performed with the PVFD filters.
Method Performance
The original chromatographic system (Varian) in the Winnipeg laboratory was tested for repeatability and linearity. The repeatability of peak areas of repetitive injections of mixed standard solutions ranged from less than 1% (for 1700 ng injections of bergapten and 1100 ng injections of trioxsalen) to 3.6% (for 520 ng injections of bergapten). The chromatographic linearity of each furanocoumarin was excellent (r 2 > 0.9999) over the range of 25 to 2000 ng injected. Figure 2 represents chromatograms of a typical celery extract, and the same celery spiked with furanocoumarins before extraction. Figure 3 represents a typical extract of parsnips, and the same parsnip spiked with furanocoumarins before extraction.
Representative photodiode array spectra of the furanocoumarin standards captured in mobile phase are presented in Figure 4 . Spectra differ slightly when captured at different concentrations in the mobile phase and, therefore, the spectra of standards from various injection volumes were captured. These form a library of spectra against which the data system compares the sample spectra. The library, in conjunction with expected retention time windows, allowed improved qualitative identification of suspect peaks within chromatograms. The data system's peak purity algorithm, which compares spectra across a peak, was also used to flag chromatographic peaks that appeared to be impure.
Interlaboratory Comparisons
The Winnipeg laboratory estimated the minimum quantitatable level of individual furanocoumarins to be 0.1 µg/g using the photodiode array detector at 254 nm. The Scarborough laboratory, using a multiwavelength UV detector for quantitations, established a minimum quantitatable level of 0.03 µg/g.
At the completion of the survey, the percentage of samples which fell within specific ranges (<10, 10 to 20, 20 to 30, 30 to 40, and >40 µg/g total furanocoumarins) at each laboratory was calculated, in order to identify any bias between the laboratories. The largest difference observed between laboratories was 63 versus 55% of parsnips containing less than 10 µg/g. From this, it was concluded that there was no analytical bias between laboratories.
Spike Recoveries
To estimate the method recovery, both laboratories spiked celery samples with small volumes of mixed furanocoumarins in methanol-water. The Winnipeg laboratory also spiked parsnip samples in the same fashion. The levels of the individual furanocoumarins added to the samples ranged from 2 to 10 µg/g, and total spike levels ranged from 10 to 50 µg/g. The samples were then extracted and analyzed as per the method. The average recovery of all furanocoumarins from celery in both laboratories (n = 35) was 77%. The average recovery of all furanocoumarins from parsnips (n = 12) was 75%.
Recoveries did not differ greatly among the furanocoumarins. The overall recovery of psoralen from both commodities at all levels (n = 47) was 74%; for angelicin, xanthotoxin, bergapten, and trioxsalen the recoveries were 68, 83, 83, and 76%, respectively. Similarly, recoveries seemed generally unaffected by the level of the spike. The average recovery of all furanocoumarins, from both celery and parsnips, range from 68% at a spike level of 5 µg/g (n = 2) to 80% at a spike level of 6 µg/g (n = 2).
Incidence and Levels of Total Furanocoumarins Detected in Parsnips
One hundred and ten samples of apparently healthy parsnips were sampled and analyzed over the 4-year period (Table 1) . One-hundred and nine, or 99%, of the parsnips contained detectable furanocoumarins (e.g., at least one furanocoumarin above 0.1 µg/g) to a maximum of 145 µg total furanocoumarins/g. The overall mean and the mean of positive samples were 14.9 and 15.1 µg/g, respectively. By comparison, Ceska et al. (29) reported 96 µg/g total furanocoumarins in normal healthy parsnips.
Incidence and Levels of Individual Furanocoumarins Detected in Parsnips
In the parsnips samples, the most common furanocoumarins detected were xanthotoxin and bergapten, found in 97 and 96% of the samples, respectively. Angelicin, psoralen, and trioxsalen were detected in 90, 56, and 14% of the parsnips, respectively. Xanthotoxin had the highest mean level in positive samples (8.5 µg/g), followed by angelicin (4.3 µg/g), bergapten (2.1 µg/g), psoralen (1.2 µg/g), and trioxsalen (0.6 µg/g). Ceska et al. (29) also reported that xanthotoxin, followed by angelicin, were the furanocoumarins occurring in highest levels in healthy parsnips.
Incidence and Levels of Total Furanocoumarins Detected in Celery
One hundred and fourteen samples of apparently healthy celery were sampled and analyzed over the 4-year period (Table 1). Eighty-eight, or 77%, of the celery samples contained detectable furanocoumarins (e.g., at least one furanocoumarin above 0.1 µg/g), to a maximum of 15.2 µg total furanocoumarins/g. The overall mean and the mean of positive samples were 1.4 and 1.9 µg/g, respectively. These results are slightly lower than an earlier Canadian study (7) , where total furanocoumarin levels from 2 to 8 µg/g in healthy celery were reported (during 51 days of storage). In several American studies, total furanocoumarin levels ranging from 0.1 to 50 µg/g were reported (4, (26) (27) (28) . In comparison, Finkelstein et al. (17) reported total furanocoumarins in Israeli celery at levels of 35 and 84 µg/g.
Incidence and Levels of Individual Furanocoumarins Detected in Celery
In the celery samples, xanthotoxin and bergapten were, again, the most common furanocoumarins, detected in 68 and 63% of the samples, respectively. Psoralen, trioxsalen, and angelicin were found in 13, 4, and 1% of the celery samples, respectively.
In the celery samples, as in the parsnips, xanthotoxin had the highest mean level in positive samples (1.3 µg/g), followed by angelicin (0.8 µg/g), bergapten (0.7 µg/g), psoralen (0.3 µg/g), and trioxsalen (0.2 µg/g). These relative concentrations compare well to previously reported values (4, 7, 26, 27) .
Year-to-Year Variation
Year-to-year variations appeared minimal in both the celery and parsnip samples. In year 1 (1993-1994) , 94% of the parsnip samples had detectable furanocoumarins; in the following 3 years the incidence of positives was 100%. The mean level of total furanocoumarins in the positive parsnips ranged from a low of 9.3 µg/g in year 4 (1996-1997 ) to a high of 19.5 µg/g in year 1 (1993-1994) .
In celery, the incidence of positive samples ranged from 56% in year 1 (1993-1994) to 88% in years 2 (1994-1995) and 4 (1996-1997) . The mean total furanocoumarin levels in positive celeries ranged from 1.2 µg/g in year 2 (1994-1995) to 3.9 µg/g in year 1 (1993-1994) .
